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Abstract  

A s t r u c t u r a l  op t imiza t ion  procedure is used 
t o  d e t e r m i n e  t h e  s h a p e  o f  a n  a l t e r n a t e  deeign 
f o r  t h e  s h u t t l e ' s  s o l i d  r o c k e t  b o o s t e r  f i e l d  
j o i n t .  I n  c o n t r a s t  t o  t he  t a n g  and c l e v i s  
des ign  o f  t h e  e x i s t i n g  j o i n t ,  t h i s  a l t e r n a t e  
d e s i g n  c o n s i s t s  of two f langes  bol ted together .  
C o n f i g u r a t i o n s  w i t h  150  s t u d s  of  1 118 i n  
diameter and 135 s t u d s  of 1 3/16 i n  ,diameter are  
c o n s i d e r e d .  Using a n  n o n l i n e a r  p r o g r a m i n g  
p r o c e d u r e ,  t h e  j o i n t  weight is minimized under 
c o n s t r a i n t s  on e i the r  von  Mises or maximum 
normal stresses,  j o i n t  open'ing and geometry. 
The p r o c e d u r e  s o l v e s  t h e  d e s i g n  p r o b l e m  by  
r e p l a c i n g  i t  b y  a s e q u e n c e  o f  approximate  
(convex)  subproblems;  t h e  p a t t e r n  of c o n t a c t  
between t h e  j o i n t  halves  is determined every few 
c y c l e s  by a n o n l i n e a r  d i s p l a c e m e n t  a n a l y s i s .  
The minimum weight  d e s i g n  has  135 s t u d s  of 1 
3 / 1 6  i n  d i a m e t e r  a n d  i s  d e s i g n e d  u n d e r  
c o n s t r a i n t s  on normal stresses. I t  weighs 1 1 4 4  
l b  p e r  j o i n t  more t h a n  t h e  c u r r e n t  t a n g  a n d  
c l e v i s  design. 

In t roduct ion  

The J a n u a r y  28, 1986 space s h u t t l e  accident 
is bel ieved t o  have been caused by a f a i l u r e  of 
t h e  p r e s s u r e  s e a l  i n  t h e  a f t  f i e l d  j o i n t  of  the 
r i g h t  s o l i d  r o c k e t  b o o s t e r .  T h e  f i r s t  

1 recommendat ion of  t h e  P r e s i d e n t i a l  Commission 
e s t a b l i s h e d  t o  examine t h e  circumstances of the 
a c c i d e n t  was a f i e l d  j o i n t  r e d e s i g n ,  possibly 
even t h e  i n t r o d u c t i o n  of  a t o t a l l y  new j o i n t  
d e s i g n .  S e v e r a l  d i f f e r e n t  concepts  have been 
considered t o  modify or rep lace  t h e  c u r r e n t  tang 
and c l e v i s  d e s i g n  ( s e e  Ref. 2 ,  f o r  example) .  
One of t h e  c o n c e p t s  d e v e l o p e d  a t  t h e  N A S A  
Langley Research Center involves  a bol ted flange 
j o i n t  t ha t  is e x p e c t e d  t o  be  more p r e d i c t a b l e  
a n d  p r o v i d e  be t te r  s e a l i n g  t h a n  t h e  c u r r e n t  
d e s i g n  a t  t h e  e x p e n s e  of  r e q u i r i n g  new c a s e  
segment forg ings  3*4*5 .  The j o i n t  is depicted i n  
F i g .  1 .  The end f l a n g e s  of two COnSeCUtiVe 
b o o s t e r  segments  a r e  bol ted toge ther  by s t u d s .  
The s t u d s  are recessed t o  minimize in te r fe rences  
w i t h  t h e  a i r s t r e a m  and a c o r k  i n s u l a t i o n  is 
included t o  fur ther  smooth out  t h e  flow over the 
j o i n t .  The c o n t i n u i t y  of  t h e  l o n g i t u d i n a l  
s t r e s s e s  a c r o s s  t he  j o i n t  i s  i n s u r e d  by t h e  

*. A I A A  Paper 87-0702-CP. +. A e r o s p a c e  E n g i n e e r ,  I n t e r d i s c l p l  i n a r y  
R e s e a r c h  O f f i c e ,  S t r u c t u r e s  D i r e c t o r a t e ,  
member A I A A .  

1. P r o j e c t  S t r u c t u r e s  E n g i n e e r ,  Advanced 
Computer Methods. 

I .  Aerospace T e c h n o l o g i s t  , I n t e r d i s c i p l i n a r y  
Research O f f i c e ,  S t r u c t u r e s  Direc tora te .  

p r e s e n c e  of g u s s e t s  t h a t  d i v e r t  some of  t h e  
. she l l  stresses and a l s o  r e d u c e  t h e  bending  i n  
t h e  s h e l l .  The  s t u d s  a r e  p r e t e n s i o n e d  and  
s e a l i n g  is p r o v i d e d  by one c - r i n g  and one o- 
r ing .  The j o i n t  material includes the  fol lowing 
steels : D6AC f o r  t h e  s h e l l ,  MP35N f o r  t h e  s t u d s  
and I n c o n e l  718 for the  nuts .  I n i t i a l  ana lyses  
r e v e a l e d  t h a t  t h e  b a s e l i n e  b o l t e d  j o i n t  was 
h e a v i e r  t h a n  t h e  c u r r e n t  d e s i g n  w h i l e  s t i l l  
opening under load and having areas of very high 
s t r e s s e s .  I t  was d e c i d e d  t o  t r y  and remedy 
these problems using t h e  t o o l s  of o p t i m i z a t i o n  
(nonl inear  programing). 

T h i s  p r o b l e m  b e l o n g s  t o  t h e  c l a s s  o f  
s t r u c t u r a l  s h a p e  o p t i m a l  d e s i g n .  The j o i n t  
model considered is a t h r e e - d i m e n s i o n a l  s o l i d .  
A r e c e n t  s u r v e y  of  t h e  s t r u c t u r a l  op t imiza t ion  
l i t e r a t u r e  by Haftka and Grandhi' r e v e a l s  l i t t l e  
experience w i t h  t h i s  type of model. T h i s  is due 
t o  t h e  f a c t  t h a t  two major components of  t h e  
s h a p e  o p t i m i z a t i o n  p r o c e s s :  a u t o m a t i c  f i n i t e  
element mesh g e n e r a t i o n  and s h a p e  s e n s i t i v i t y  
a n a l y s i s  a r e  not yet developed enough f o r  f u l l y  
t h r e e - d i m e n s i o n a l  models .  A u t o m a t i c  m e s h  
g e n e r a t i o n  is necessary because, as t h e  i n i t i a l  
s h a p e  o f  t h e  s o l i d  i s  c h a n g e d  i n  t h e  
opt imiza t ion  process ,  t h e  i n i t i a l  f i n i t e  element 
mesh may become s o  d i s t o r t e d  t h a t  i t  is 
inadequate and a new mesh must be regenera ted ,  a 
procedure that  is ted ious  and time consuming i f  
p e r f o r m e d  m a n u a l l y .  C u r r e n t  " a u t o m a t e d "  
procedures still  remain i n t e r a c t i v e  and consume 
h o u r s  o f  c o m p u t e r  t ime . There a r e  t w o  
a p p r o a c h e s  t o  c a l c u l a t i n g  a n a l y t i c a l  s h a p e  
s e n s i t i v i t y  d e r i v a t i v e s :  taking d e r i v a t i v e s  of 
the d l s c r e t l z e d  f i n i t e  element equat ions f o r  the 
s t r u c t u r a l  r e s p o n s e  o r  d e r i v i n g  s e n s i t i v i t y  
e q u a t i o n s  d i r e c t l y  f r o m  t h e  f u n d a m e n t a l  
e q u a t i o n s  o f  cont inuum mechanics .  While both 
approaches have been developed theoretically and 
have been a p p l i e d  w i t h  var ious success t o  two- 
d i m e n s i o n a l  ( o r  a x i s y m m e t r i c )  p r o b l e m s ,  a 
r e c e n t  review by Adelman and Haftka r e p o r t s  no 
example t h a t  involves  shape s e n s i t i v i t y  a n a l y s i s  
o f  t h r e e - d i m e n s i o n a l  s o l i d s .  I n  t w o  
a p p l i  c a t  i o n s  o f  t h r  e e - d i m e n s  1 o n a l  s h a p e  

o p t i m i z a t i o n ,  Imam 9 9 1 0  models t h e  shape of the  
s t r u c t u r e  u s i n g  a s e r i e s  of d e s i g n  e l e m e n t s  
which d i s t o r t  as t h e  s t r u c t u r e  geometry changes. 
Each design element is i tself  subdivided i n t o  a 
f i x e d  number of f i n 1  t e  elements f o r  s t r u c t u r a l  
a n a l y s i s ,  t h e r e b y  p r o v i d i n g  f o r  a s i m p l e  
automated mesh genera t ion  c a p a b i l i t y  where a new 
mesh i-s g e n e r a t e d  w i t h  each d e s i g n  b u t  t h e  
number o f  f i n i t e  e l e m e n t s  is f i x e d  a t  t h e  
o u t s e t .  Cross geometr ical  dimensions are chosen 
as  d e s i g n  v a r i a b l e s  ( u p  t o  U ) .  S a t i s f a c t o r y  
r e s u l t s  a r e  repor ted  f o r  s imple beams or e n g i n e  
b e a r i n g  c a p  models .  S e n s i t i v i t y  a n a l y s i s  is 
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performed by f i n i t e  d i f f e r e n c e .  I n  a n o t h e r  
a p p l i c a t i o n ,  Wassermanl' uses a s i m i l a r  concept 
of h y p e r e l e m e n t s  t o  O p t i m i z e  g r a v i t y  d a m s ,  
t a k i n g  a s  d e s i g n  v a r i a b l e s  c o o r d i n a t e s  and 
s l o p e s  of t h e  c r o s s - s e c t i o n  of  t h e  dam ( u p  t o  
20 ) .  A s p e c i a l - p u r p o s e  s e n s i t i v i t y  a n a l y s i s  
procedure i s  d e v i s e d  based  on d i r e c t l y  t a k i n g  

. d e r i v a t i v e s  of t h e  d i s c r e t i z e d  f i n i t e  element 
equat ions.  

T h i s  paper  descr ibes  the  shape opt imiza t ion  
of a b o l t e d  s o l i d  r o c k e t  b o o s t e r  f i e l d  j o i n t  
c o n c e p t .  The j o i n t  weight  i s  minimized under 
c o n s t r a i n t s  t h a t  l i m i t  the stresses i n  t h e  model 
and t h a t  a l s o  i n s u r e  t h a t  t h e  gap between two 
c o n s e c u t i v e  b o o s t e r  segments  remains  c l o s e d .  
The o p t i m i z a t i o n  model i n c l u d e s  6 geometr ical  
v a r i a b l e s  as well as one  va r i ab le  c o n t r o l l i n g  
t h e  p r e t e n s i o n  i n  the s t u d s .  A s  f o r  the design 
element and hyperelement  a p p r o a c h e s  d e s c r i b e d  
above, the f i n i t e  element mesh adapts  t o  changes 
i n  geometry but  the number of f i n i t e  elements is 
f i x e d .  The model behavior is nonlinear  because 
t h e  p a t t e r n  of c o n t a c t  between t h e  two j o i n t  
h a l v e s  is unknown a t  the o u t s e t .  Optimization 
is performed r e p l a c i n g  t h e  i n i t i a l  n o n l i n e a r  
n o n c o n v e x  d e s i g n  p r o b l e m  b y  a sequence  of 
approximate convex subproblems s o l v e d  u i  t h  t h e  
u s a b l e - f  e a s i  b l e  d i r e c t  1 on  method.  S t r o n g  
i n i t i a l  c o n s t r a i n t  v io la t ion  is overcome by use 
of a c o n s t r a i n t  re laxa t ion  technique. Gradients  
a r e  obtained by f i n i t e  d i f fe rence .  T h e  d e t a i l s  
of t h e  f i n i t e  element model and a n a l y s i s  used t o  
determine stresses and d i s p l a c e m e n t s  a r e  g i v e n  
f i r s t .  Then t h e  o p t i m i z a t i o n  approach  i s  
presented.  A few w o r d s  f o l l o w  a b o u t  computer 
implementation of the procedure and opt imiza t ion  
results a r e  given.  

Fin1 te Element  Model and Analysis 

The  geometry of a nominal  j o i n t  model is 
shown i n  F ig .  2 .  The j o i n t  behavior is assumed 
t o  b e  s y m m e t r i c  w i t h  r e s p e c t  t o  : 1 )  t h e  
i n t e r f a c e  b e t w e e n  two c o n s e c u t i v e  b o o s t e r  
segments, 2 )  a p l a n e  t h r o u g h  t h e  b o o s t e r  a x i s  
a n d  a s t u d  a x i s  and 3) a p l a n e  t h r o u g h  t h e  
b o o s t e r  a x i s  b i s e c t i n g  t h e  a n g l e  between two 
c o n s e c u t i v e  s t u d  axes. The length  of t h e  model 
is 50 i n ,  a d i s tance  a t  which t h e  bending i n  the 
s h e l l  caused  by the  joint  s t i f f n e s s  has become 
n e g l i g i b l e  and t h e  s h e l l  s tresses match t h o s e  
p r e d i c t e d  b y  membrane t h e o r y  f o r  i n t e r n a l  
pressure  loading within 1s. 

T h e  f i n i t e  e l e m e n t  model  s e l e c t e d  i s  
depicted i n  Fig. 3. I t  has 410 f o u r - ,  s i x -  and 
e i g h t - n o d e  s o l i d  f i n i t e  e l e m e n t s  based  on an 
assumed stress f i e l d "  formulat ion.  The appl ied  
loads  correspond t o  an i n t e r n a l  pressure oP 1000 
p s i .  T h i s  is s l i g h t l y  more t h a n  t h e  p r e s s u r e  
o b s e r v e d  a n y w h e r e  i n  t h e  b o o s t e r  d u r i n g  
i g n i t i o n .  These l o a d s  i n c l u d e  1 )  i n t e r n a l  
pressure on t h e  inner s h e l l  nodes (1000 p s i ) ,  2 )  
r e s u l t a n t  of pressure e f f e c t  i n  a x i a l  d i r e c t i o n  
on model top  nodes (36406 l b / i n ) .  and 3) contac t  
f o r c e s  due t o  compression of t h e  s e a l i n g  r i n g s  
( w h i c h  a r e  not  model led) ;  these a r e  appl ied  a t  
t h e  f i r s t  i n n e r  row o f  n o d a l  p o i n t s  on  t h e  
bot tom of  t h e  f l a n g e  (500 l b / i n ) .  Also, t h e  
p r e t e n s i o n  i n  t h e  s t u d  is m o d e l l e d  a s  a 
t e m p e r a t u r e  d r o p ,  While t h e  f i n a l  d e s i g n  Of 
t h i s  j o i n t  should include more l o a d  c a s e s  s u c h  

a s  non-symmetr ic  o n e s ,  t h i s  case is f e l t  t o  be 
r e p r e s e n t a t i v e  of t h e  l o a d s  e n c o u n t e r e d  by  t h e  
b o o s t e r ;  f u r t h e r ,  i t  has been used  i n  o t h e r  
~ t u d i e s ~ - ~  and the reby  provides  a good b a s i s  f o r  
camparison. 

.The boundary condi t ions  appl ied  t o  t h e  model 
e n f o r c e  r a d i a l  d i s p l a c e m e n t  f o r  t h e  nodes on 
planes passing through t h e  booster  a x i s  and t h e  
edges of t h e  model. The nodes a t  t h e  top  of t h e  
model are f r e e .  The boundary condi t ions  f o r  the 
b o t t o m  o f  t h e  model f l a n g e  a re  v a r i a b l e  and 
depend on how t h e  f l a n g e  bottom c o n t a c t s  t h e  
f o u n d a t i o n .  Where there  is c o n t a c t  between 
j o i n t  ha lves ,  t h e  nodes have c o n s t r a i n e d  a x i a l  
d i s p l a c e m e n t ,  o t h e r w i s e ,  t h e  nodes  are  f r e e .  
F i n a l l y ,  the s t u d  and n u t  are monoli thic  and the 
n o d e s  o n  t h e  b o t t o m  o f  t h e  n u t  a n d  t h e  
corresponding ones on t h e  top  of t h e  f l a n g e  a re  
C o n s t r a i n e d  t o  t h e  same disp lacements .  Also, 
t h e  nodes  on t h e  bot tom of  t h e  s t u d  h a v e  n o  
a x i a l  d i s p l a c e m e n t .  A f t e r  i m p o s i t i o n  o f  the 
boundary condi t ions ,  the model has approximately 
2200 degrees-of-freedom. 

The s t r u c t u r a l  a n a l y s i s  of  t h e  m o d e l  is 
nonlinear  because t h e  p a t t e r n  of contac t  between 
t h e  two j o i n t  ha lves  is unknown. I n  o t h e r  words 
i t  must be determined whether t h e  a x i a l  degrees- 
of-freedom Por t h e  nodes  on t h e  bot tom of  t h e  
model a r e  f r e e  or f i x e d .  T h i s  i s  done i n  an 
i t e r a t i v e  f a s h i o n .  An i n i t i a l  p a t t e r n  is 
a s s u m e d .  Then a c o n v e n t i o n a l  l i n e a r  f i n i t e  
element a n a l y s i s  is conducted. The a x i a l  nodal  
d i s p l a c e m e n t s  and r e a c t i o n s  are examined a t  t h e  
bottom of the  f lange .  I f  a node where c o n t a c t  
i s  assumed shows n e g a t i v e  a x i a l  r e a c t i o n ,  t h i s  
i n d i c a t e s  a tendency toward j o i n t  opening  and 
the  a x i a l  degree-of-freedom is f r e e d .  If a node 
where no contac t  is assumed shows negat ive a x i a l  
d i s p l a c e m e n t ,  t h i s  i n d i c a t e s  a tendency toward 
j o i n t  c los ing  and t h e  a x i a l  degree-of-freedom is  
f ixed .  A new displacement a n a l y s i s  is performed 
and t h e  process  is continued u n t i l  convergence .  
F o r  t h i s  e x a m p l e  where  t h e  c o n t a c t  s u r f a c e  
c o n t a i n s  17 n o d e s ,  t h e s e  n o n l i n e a r  a n a l y s e s  
required up t o  5 cycles .  

Optimization Model and Procedure 

The v a r i a b l e s  of t h e  problem a r e  given on 
F i g .  2 .  V a r i a b l e  X ,  d e t e r m i n e s  t h e  r a d i a l  
p o s i t i o n  of t h e  s t u d  a x i s  and t h e r e f o r e  c o n t r o l s  
the  opening oP t h e  j o i n t .  I f  t h e  s t u d  a x i s  i s  
well o u t s i d e  of  t h e  s h e l l  w a l l s ,  t h e  tens ions  
developed i n  t h e  she l l  tend t o  open t h e  i n s i d e  
of t h e  j o i n t  (see F i g .  4 ) .  While if t h e  s t u d  
axis i s  well i n s i d e  of the s h e l l ,  most of t h o s e  
t e n s i l e  s t resses  a re  carried by t h e  gusse t  and 
t h e  j o i n t  opens  on t h e  o u t s i d e .  The l a t t e r  
b e h a v i o r  is d e f i n i t e l y  more d e s i r a b l e  than the  
f o r m e r  s i n c e  t h e  s e a l i n g  r i n g s  a r e  l o c a t e d  
toward t h e  i n s i d e  o f  the  j o i n t .  An a d d i t i o n a l  
v a r i a b l e  X, s p e c i f i e s  a drop i n  t e m p e r a t u r e  f o r  
t h e  S t u d  t h e r e b y  s i m u l a t i n g  s t u d  p r e s t r e s s i n g ;  
t h i s  v a r i a b l e  i s  a l s o  v e r y  i m p o r t a n t  i n  
c o n t r o l l i n g  t h e  j o i n t  opening. The opt imiza t ion  
problem o b j e c t i v e  func t ion  is the  model w e i g h t .  
The e f f e c t  of  changes  i n  s t u d  d i a m e t e r  were 
s t u d i e d  by cons ider ing  two s p e c i f i c  des igns ,  one 
w i t h  150 s t u d s  of 1 1 /8  i n  diameter and a second 
with 135 s t u d s  of 1 3/16 i n  diameter. 
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For each element ,  t h e  a n a l y s i s  g ives  stress 
va lues  a t  each Of t h e  nodes .  A t  each node of 
t h e  m o d e l ,  t h e  s t resses  are  d e f i n e d  as t h e  
averages of those  pred ic ted  for  t ha t  p a r t i c u l a r  
node i n  each of the  elements t h a t  a r e  connected 
t o  it. During t h e  opt imiza t ion  process ,  stress 
c o n s t r a i n t s  l i m i t  t h e  a v e r a g e  n o d a l  stresses 
o b s e r v e d  i n  t h e  j o i n t .  One s t r e s s  is 
c o n s t r a i n e d  f o r  each e l e m e n t  and i t  i s  e i t h e r  
the maximum von Mises stress or the maximum ( i n  
a b s o l u t e  v a l u e )  normal stress observed i n  the  
element. There are thus  410 Stress COnStraintS. 

c o n s t r a i n t s ,  t h e  e l e m e n t s  a r e  assembled i n  10 
groups a s  depicted on Fig. 3. 

F i g u r e  5 d e p i c t s  t h e  node p a t t e r n  on t h e  
bot tom of the f l a n g e ,  i t  is d i v i d e d  i n t o  three 
areas .  The innermost a r e a  i s  where c o n t a c t  is 
e n f o r c e d  b e t w e e n  two c o n s e c u t i v e  b o o s t e r  
segments i n  order  t o  i n s u r e  p o s i t i v e  s e a l i n g  and 
p r e v e n t  e x h a u s t  of h o t  g a s e s .  The contac t  is 
c o n t r o l l e d  by c o n s t r a i n i n g  t h e  s i g n  o f  t h e  
r e a c t i o n s  f o r  the two innermost rows of nodes on 
the f lange  . A t  these 8 n o d e s ,  t h e  r e a c t i o n s  
a r e  c o n s t r a i n e d  t o  remain  c o m p r e s s i v e .  The 
f l a n g e  outermost a rea  i s  where t h e  two segments  
a r e  f r e e  t o  c o n t a c t  o r  n o t  depending  on t h e  
l o a d i n g  c o n d i t i o n s .  I n  t h e  r e m a i n i n g  a r e a ,  
e s s e n t i a l l y  u n d e r  t h e  n u t  b e a r i n g  s u r f a c e ,  
c o n t a c t  is prevented by the presence of a m i l l e d  
recess i n  the  f lange:  t h i s  l eaves  the  innermost 
and outermost f lange  areas f o r  c o n t a c t  between 
t h e  two j o i n t  h a l v e s ,  Preliminary s e n s i t i v i t y  
s t u d i e s  have shown tha t  t h i s  f a c i l i t a t e s  j o i n t  
c los ing .  

Three geometr ical  c o n s t r a i n t s  a r e  added: two 
g u a r a n t e e  t h a t  t h e  s t u d  and t h e  n u t  can  be 
i n s e r t e d  i n  the j o i n t  and t h e  t h i r d  one prevents  
a g a i n s t  excessive compress ion  of  t he  f i n i t e  
e l e m e n t  n e s h  i n  t h e  s t r a i g h t  s h e l l  a r e a  
i m m e d i a t e l y  n e x t  t o  t h e  j o i n t .  The d e s i g n  
problem inc ludes  421 c o n s t r a i n t s .  The grad ien ts  
r e q u i r e d  f o r  o p t i m i z a t i o n  a r e  o b t a i n e d  by 
backward f i n i t e  d i f f e r e n c e  (assuming t h a t  t h e  
contac t  p a t t e r n  a t  t h e  base of the  f lange  is not 
a f f e c t e d  by the per turba t ion  i n  the v a r i a b l e s ) .  

O p t i m i z a t i o n  is conducted by rep lac ing  the 
i n i t i a l  n o n l i n e a r ,  n o n c o n v e x  a n d  i m p l i c i t  
problem by a sequence  o f  n o n l i n e a r  but convex 
and e x p l i c i t  subproblems.  The m a t h e m a t i c a l  
d e t a i l s  of the  subproblem formulat ion are given 
i n  App. A. A t  the s t a r t i n g  poin t  of each cycle, 
a new subproblem is constructed.  The objec t ive  
f u n c t i o n  and c o n s t r a i n t s  a re  approximated  by 
c o n v e x  a p p r o x i m a t i o n s  based  on f i r s t - o r d e r  
a n a l y s i s  i n f o r m a t i o n .  The  t o t a l  number Of 
c o n s t r a i n t s  i s  r e d u c e d  f r o m  421 t o  14 b y  
a s s o c i a t i n g  one cumulative c o n s t r a i n t  w i t h  each 
o f  t h e  1 0  e lement  g r o u p s  and one  w i t h  t h e  8 
r e a c t i o n  c o n s t r a i n t s .  T h i s  c u m u l a t i v e  
c o n s t r a i n t  is  a c o n s e r v a t i v e  envelope funct ion 
t h a t  p r e s e r v e s  t h e  c o n v e x i t y  o f  t h e  
approximat ions .  To accommodate s t a r t i n g  points  
with s t r o n g l y  v i o l a t e d  c o n s t r a i n t s ,  a c o n s t r a i n t  
r e l a x a t i o n  p r o c e d u r e  i s  added .  Each convex 
subproblem is s o l v e d  u s i n g  a u s a b l e - f e a s i b l e  
d i r e c t i o n  procedure. 

T y p i c a l  o p t i m i z a t i o n  s t a r t i n g  p o i n t s  
c o n s i d e r e d  i n  t h i s  s tudy have most c o n s t r a i n t s  
v io la ted .  This  can cause d i f f i c u l t i e s  f o r  t h e  
usable- feas ib le  d i r e c t i o n  opt imiza t ion  procedure 
u s e d .  T h e  d e s i g n  p r o c e d u r e  i s  t h e r e f o r e  

* I n  o r d e r  t o  f a c i l i t a t e  t r a c k i n g  o f  t hese  
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c o n d u c t e d  i n  t h r e e  s t e p s .  A s t a r t i n g  design is 
chosen  t h a t  s a t i s f i e s  t he  t h r e e  g e o m e t r i c a l  
c o n s t r a i n t s .  I n  t h e  f i r s t  s t e p ,  only the  s t u d  
s t r e s s  c o n s t r a i n t  and  t h e  j o i n t  c l o s u r e  
c o n s t r a i n t  a r e  r e t a i n e d  i n  the problem. Both of 
those  c o n s t r a i n t s  a r e  r e l a x e d  and o p t i m i z a t i o n  
is conducted  t o  s a t i s f y  them. I n  t h e  second 
s t e p ,  t h e  r e l a x a t i o n  is removed from t h e  s t u d  
s t ress  and t h e  j o i n t  c l o s u r e  c o n s t r a i n t s ,  the 
r e m a i n i n g  stress c o n s t r a i n t s  a r e  a d d e d  a n d  
r e l a x e d  and opt imiza t ion  is continued u n t i l  a l l  
the . c o n s t r a i n t s  are s a t i s f  l e d  or c r i  t i c a l .  I n  
t h e  t h i r d  s t e p ,  r e l a x a t i o n  is removed from a l l  
c o n s t r a i n t s  involved and weight minimiza t ion  is 
c o n t i n u e d  t o  convergence. During opt imiza t ion ,  
the  p a t t e r n  of contac t  between j o i n t  h a l v e s  is 
cont inuously changing a s  t h e  design evolves. To 
r e d u c e  c o m p u t a t i o n a l  t i m e ,  n o n l i n e a r  
d i s p l a c e m e n t  a n a l y s e s  a r e  only performed every 
few ( t y p i c a l l y  5)  cycles :  otherwise,  t h e  f l a n g e  
bottom boundary condi t ions  a r e  assumed unchanged 
from the previous cycle and o n l y  l i n e a r  f i n i t e  
element a n a l y s i s  is performed. 

Computer Implementation 

The procedure descr ibed  above is implemented 
u s i n g  t h e  e x i s t i n g  PROSSS'3 system as  c o r e  
sof tware.  S t r u c t u r a l  a n a l y s i s  is performed w i t h  

t h e  E A L 1 '  f i n i t e  e l e m e n t  p r o g r a m  a n d  
1 4  o p t i m i z a t i o n  i s  c a r r i e d  o u t  w i t h  the CONMIN 

code .  The s o l i d  model of t h e  j o i n t  a n d  t h e  
i n i t i a l  f i n i t e  e l e m e n t  d i s c r e t i z a t i o n  a r e  
g e n e r a t e d  w i t h  t h e  I - D E A S l '  p a c k a g e .  As 
o p t i m i z a t i o n  c h a n g e s  t h e  i n i t i a l  model ,  a 
special-purpose FORTRAN code has been developed  
t h a t  g e n e r a t e s  u p d a t e d  n o d a l  c o o r d i n a t e s .  
I n t e r m e d i a t e  and f i n a l  s t r u c t u r a l  a n a l y s i s  
r e s u l t s  a r e  rev iewed u s i n g  t h e  postprocessing 
c a p a b i l i t i e s  of the I-DEAS package. 

T h e  procedure  executes  on DEC VAXstation I1 
computers wi th  6Mb of main memory and 71Mb h a r d  
d i s k s .  Because s e n s i t i v i t y  a n a J y s i s  uses f i n i t e  
d i f f e r e n c e ,  8 complete s t r u c t u r a l  a n a l y s e s  m.ust 
be conducted  before  cons t ruc t ing  an approximate 
subproblem and c o n t i n u i n g  w i t h  o p t i m i z a t i o n .  
These a n a l y s e s  a r e  conducted  i n  p a r a l l e l  on 4 
workstat ions s imultaneously.  As a n a l y s i s  time 
s t r o n g l y  dominates the  t o t a l  computational cyc le  
time, t h i s  d i s t r i b u t e d  mode of execut ion enables  
a speedup f a c t o r  of about 4 y ie ld ing  a complete 
o p t i m i z a t i o n  c y c l e  i n  s l i g h t l y  less  t h a n  one 
hour of clock time. T h i s  is descr ibed i n  d e t a i l  
i n  Ref. 16. 

Most  of  t h e  p r o c e d u r e  is implemented i n  
s i n g l e  p r e c i s i o n  ( 3 2 - b i t )  e x c e p t  f o r  t h e  
s t r u c t u r a l  a n a l y s i s  s t i f f n e s s  matrix assembly 
and decomposition which use d o u b l e  p r e c i s i o n .  
C o m p a r i s o n  o f  a n a l y s i s  o u t p u t  w i t h  r e s u l t s  
o b t a i n e d  e n t i r e l y  w i t h  6 0 - b i t  a r i t h m e t i c s  
i n d i c a t e s  t h a t  3-4 d i g i t s  a r e  r e l i a b l e  f o r  
displacements and r e a c t i o n s .  Whi le  t h i s  type of 
a c c u r a c y  is  s u f f i c i e n t  f o r  a n a l y s i s  r e s u l t s ,  
d i f f i c u l t i e s  a r i s e  when d e r i v a t i v e s  of  r e s p o n s e  
q u a n t i t i e s  a r e  t o  b e  o b t a i n e d  b y  f i n i t e  
d i f f e r e n c e .  E x p e r i m e n t a t i o n  i n d i c a t e s  t h a t  
f i n i t e  d i f f e r e n c e  s t e p s i z e s  of up t o  201 of t h e  
v a r i a b l e s  c o n s i d e r e d  a r e  r e q u i r e d  t o  minimize  
t h e  e f f e c t  o f  r o u n d - o f f  e r r o r s .  C l e a r l y ,  
s i g n i f i c a n t  t r u n c a t i o n  e r r o r s  m u s t  b e  



a n t  1 cipa t e d  and decreased approxi mat e subproblem 
f i d e l i t y  m u s t  be e x p e c t e d . .  T h e r e f o r e  a l l  
subproblems a r e  s o l v e d  w i t h  move limits which 
r e s t r i c t  t h e  r a n g e  of t h e  d e s i g n  v a r i a b l e s  
d u r  i ng a p p r o x i m a t e  subproblem o p t  i m i  Z a t  i o n .  
These move limits a r e  i n i t i a l l y  prescr ibed  t o  be  
1 0 %  o f  t h e  i n i t i a l  d e s i g n  v a r i a b l e s  and a r e  
reduced t o  51 if approximation accuracy i s  f e l t  
t o  impede convergence. 

Results 

Two d e s i g n  s t u d i e s  are  d e s c r i b e d  i n  t h i s  
s e c t i o n ;  t h e y  c o r r e s p o n d  t o  two d i f f e r e n t  
conf  i g i l r a t i o n s  of s t u d s  wi th  approximately t h e  
same t o t a l  s tud  c r o s s - s e c t i o n a l  a r e a  and t o t a l  
n u t  b e a r i n g  a r e a .  The f i r s t  conf igura t ion  has 
150 s t u d s  of 1 118 i n  d iameter  f o r  a t o t a l  149 

2 2 i n  of s t u d  cross-sect ional  a r e a  and 495 i n  of 
s t u d  bear ing a r e a ;  the second c o n f i g u r a t i o n  h a s  
135 s t u d s  of 1 3/16 i n  diameter fo r  a t o t a l  of 
150 i n  of c ross -sec t iona l  a r e a  and 500 i n 2  Of 
n u t  b e a r i n g  a r e a .  I t  is expected t h a t  the  135 
s t u d  d e s i g n  will e n a b l e  t h e ' u s e  o f  a w i d e r  
g u s s e t  and t h e r e b y  r e s u l t  i n  a more e f f e c t i v e  
t ransmission of the  a x i a l  loads.  In  each s tudy ,  
two designs are generated. The f i r s t  design has 
c o n s t r a i n t s  placed on t h e  von Mises stresses i n  
t h e  s t r u c t u r e .  For each m a t e r i a l ,  t h e  a l lowable 
von Mises stress is taken a s  t h e  l o w e s t  of t h e  
u l t i m a t e  t e n s i l e  a l lowable stress divided by a 
1 . 4  safety f a c t o r  or the  y i e l d  a l l o w a b l e  stress 
d i v i d e d  by a 1 .25 f a c t o r  . For t h e  s h e l l ,  t h e  
s t u d ,  and t h e  n u t ,  t h i s  c o r r e s p o n d s  t o  139. ,  
1 9 1 .  a n d  172. k s i  r e s p e c t i v e l y .  The second 
design is s i m i l a r  t o  the  f i r s t ,  except  t h a t  t h e  
s t r e s s  c o n s t r a i n t s  a r e  p l a c e d  on t h e  maximum 
normal stresses.  The a l l o w a b l e  s t r e s s e s  a r e  
unchanged f o r  t h e  s t u d  o r  t h e  nut .  However, the  
normal s t r e s s e s  i n  t h e  s h e l l  a r e  a l l o w e d  t o  
r e a c h  1 5 5 .  k s i . ,  a value r e p r e s e n t a t i v e  Of 
stress l e v e l s  observed i n  t h e  p r e s e n t  d e s i g n  
under  t h e  same load  c a s e  . For a l l  t h e  design 
c a s e s ,  op t imiza t ion  is conducted u n t i l  comple te  
c o n v e r g e n c e ;  t h e  weight ing  f a c t o r  Y f o r  t h e  
c o n s t r a i n t  v i o l a t i o n  t e r m  i n  t h e  o b j e c t i v e  
f u n c t i o n  (see App. A )  is var ied  between l o 4  and 
10  ; t h i s  r e s u l t s  i n  t h e  f i n a l  c o n s t r a i n t  
v i o l a t i o n  being 1 %  or less ( . O O ( W - l ~ . O l  1. 

In  both s t u d i e s ,  t h e  stress c o n s t r a i n t s  f o r  
t h e  areas  immediately around t h e  h o l e  and where 
t h e  j o i n t  t r a n s i t i o n s  t o  nominal s h e l l  (groups 3 
a n d  9 ,  F i g .  3 )  a r e  n o t  i n c l u d e d  i n  t h e  
o p t i m i z a t i o n  p r o c e s s .  Both t h o s e  a r e a s  a r e  
prone  t o  stress concentrat ions.  The hole  is i n  

3 t h e  f l a n g e  which ,  act ing a s  a r i n g  s t l f f e n e r  on 
a pressure v e s s e l ,  i s  i n  t e n s i o n .  Also ,  the 
apex of t h e  j o i n t  p o c k e t ,  where c o n s e c u t i v e  
g u s s e t s  merge i n t o  t h e  nominal s h e l l ,  a c t u a l l y  
c r e a t e s  a notch i n  the s h e l l  a t  a point  where i t  
i s  i n  t e n s i o n  i t s e l f .  I t  is u n r e a s o n a b l e  t o  
dr ive  t h e  j o i n t  design by t h e  presence of  t h e s e  
l o c a l i z e d  h i g h - s t r e s s  a r e a s .  I n d e e d ,  t hese  
s t r e s s  c o n c e n t r a t i o n s  a r e  u n a v o i d a b l e .  Any 
reduct ion  ifl peak stresses r e q u i r e s  reduct ion  of 
the stress levels from uhich t h e  c o n c e n t r a t i o n s  
r i s e  and would l e a d  t o  p r o h i b i t i v e  f l a n g e  and 

' s h e l l  th icknesses .  Hence, some y ie ld ing  must be  
t o l e r a t e d  i n  t h e s e  r e s t r i c t ed  areas, provided 
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t h e  s h e l l  mater ia l  is d u c t i l e .  T h i s .  i n  t u r n  is 
l i k e l y  t o  smooth O u t  t h e  stress concentrat ions.  
Also, t h i s  d i f f i c u l t y  may be somewhat reduced by 
c a r e f u l  l o c a l  design. 

A comparison of the  var ious  designs is given 
i n  T a b l e  1 .  E x a m i n a t i o n  o f  these results 
r e v e a l s  t h a t  t h e  von Mises stress c o n s t r a i n t  i s  
s i g n i f i c a n t l y  mbre conserva t ive  than t h e  maximum 
normal stress c o n s t r a i n t .  I n d e e d ,  t h e  l a t t e r  
c o n s t r a i n t  i g n o r e s  s h e a r  stresses whi l e  these 
c o n t r i b u t e  t o  t h e  t r a n s f e r  of loads  between t h e  
f l a n g e  and t h e  gusse t .  Fur ther ,  i t  a l s o  ignores  
such unfavorable  combination of normal stresses 
w i t h  c o m p r e s s i o n  a n d  t e n s i o n  a c t i n g  i n  
or thogonal  d i r e c t i o n s .  A s  a resul t ,  there  a re  
marked  d i f f e r e n c e s  between d e s i g n s  t h a t  have 
d i f f e r e n t  s t r e s s  c o n s t r a i n t s  b u t  t h e  same s t u d  
c o n f i g u r a t i o n .  I n  c o n t r a s t ,  des igns  w i t h  t h e  
same stress c o n s t r a i n t  b u t  w i t h  d i f f e r e n t  s t u d  
conf igura t ions  are similar, poin t ing  t o  t h e  f a c t  
t h a t  t h e  design is probably more d r i v e n  by  t h e  
t o t a l  s t u d  c ross -sec t iona l  area and nut bear ing 
a r e a  than by t h e  s p e c i f i c  c o m b i n a t i o n  of  s t u d  
d i a m e t e r  a n d  number of s t u d s .  The r e s u l t s  
i n d i c a t e  t h a t  t h i s  s p e c i f i c  b o l t e d  d e s i g n  c a n  
c a r r y  a p e n a l t y  of  a b o u t  1 1 4 4  t o  2003 l b  per  
j o i n t  over t h e  c u r r e n t  tang  and c l e v i s  d e s i g n ,  
depending on t h e  assumption regarding t h e  stress 

17 being c o n s t r a i n e d .  T r a j e c t o r y  c a l c u l a t i o n s  
i n d i c a t e  t h a t  t h e r e  is a penal ty  of about 0.100 
t o  0.125 l b  of  payload per l b  of  s t r u c t u r a l  
weight  added t o  each  b o o s t e r .  Therefore ,  t h e  
results shown here  would imply a payload loss of 
between 1 1 4  and 250 i b  per j o i n t .  Note t h a t  
w h i l e  t h e  d e s i g n s  u n d e r  von Mises s t r e s s  
c o n s t r a i n t s  have no c o n s t r a i n t  v i o l a t i o n  (w-  
1101, both designs under maximum normal s tress 
c o n s t r a i n t  have some minor v i o l a t i o n  (w-1 >O). 
T h i s  is d e s p i t e  a t tempts  a t  so lv ing  t h e  r e l a x e d  
problem w i t h  Y c o e f f i c i e n t s  (Eqs. A7, App. A )  of 
u p  t o  10 . A s  e x p l a i n e d  i n  A p p .  A ,  t h i s  
i n d i c a t e s  t h a t  t he re  is no f e a s i b l e  design f o r  
the  maximum normal stress c o n s t r a i n t s ;  however ,  
t h e  v i o l a t i o n s  a r e  so small t h a t  they a r e  of no 
s i g n i f i c a n c e .  

The a c t i v e  and n e a r l y  a c t i v e  c o n s t r a i n t s  
include t h e  j o i n t  c l o s u r e  and t h e  n u t  and s t u d  
i n s e r t i o n  c o n s t r a i n t s  f o r  a l l  d e s i g n s .  The 
stress c o n s t r a i n t s  f o r  the  top  layer  of elements 
i n  t h e  f lange  ( c o n s t r a i n t  5 )  and f o r  t h e  nominal 
s h e l l  ( c o n s t r a i n t  1 0 )  a r e  a l w a y s  a c t i v e .  
Cons t ra in t  5 is dominated by t e n s i l e  s t r e s s e s  i n  
the  f l a n g e  and compressive bearing stresses d u e  
t o  t h e  n u t .  C o n s t r a i n t  1 0  i n v o l v e s  a x i a l  
t e n s i o n  due t o  i n t e r n a l  p r e s s u r e  a n d  hoop 
t e n s i o n  due t o  i n t e r n a l  pressure as well as t h e  
concent ra t ion  a t  t h e  apex of  t h e  j o i n t  p o c k e t .  
The s t r e s s  c o n s t r a i n t s  f o r  element groups 6 and 
7 a r e  dominated by axial  t e n s i l e  stresses i n  t h e  
g u s s e t ;  t h e y  a r e  near ly  a c t i v e  f o r  t h e  designs 
under von Mises s t r e s s  c o n s t r a i n t s  and a c t i v e  
f o r  t h o s e  u n d e r  normal  stress c o n s t r a i n t s .  
F i n a l l y ,  t h e  s t u d  (element group 1 )  and t h e  n u t  
( e l e m e n t  g r o u p  2 )  a r e  c o n s t r a i n e d  t o  t h e i r  
a l lowables  f o r  the  designs under maximum normal 
stress c o n s t r a i n t s .  

Variable  X , ,  the s t u d  a x i s  p o s i t i o n ,  a f f e c t s  
t h e  gap c l o s u r e  as  well as bending s t r e s s e s  i n  
t h e  s h e l l ;  t h e  f i n a l  p o s i t i o n  of  t h e  s t u d  a x i s  
i s  a b o u t  .6 i n  i n b o a r d  of t h e  nominal s h e l l  
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midplane .  V a r i a b l e  X , ,  t h e  s t u d  p r e l o a d ,  
a f f e c t s  t he  j o i n t  c l o s u r e  as well a s  t h e  bearing 
stresses developed  i n  t h e  t o p  l a y e r  of  t h e  
f l a n g e .  The p r e l o a d  s e l e c t e d  t y  t h e  procedure 
does n o t  depend on t h e  s t u d  c o , l f i g u r a t i o n  i n  
t h e s e  e x a m p l e s  b u t ,  r a t h e r ,  o n  t h e  stress 
c o n s t r a i n t  h y p o t h e s i s  r e t a i n e d .  The g e n e r a l  
t ens ion  i n  the f l a n g e  and t h e  compression due t o  . t h e  n u t  r e s u l t  i n  a n  u n f a v o r a b l e  von Mises 
s t r e s s  s o  t h a t  c o n s i d e r a b l y  l ess  p r e l o a d  is 
allowed under  t h e  von Mises stress C o n s t r a i n t  
than under the  maximum normal stress c o n s t r a i n t .  
Variable  X,  a f f e c t s  b o t h  t h e  j o i n t  c l o s u r e  by 

changing t h e  bending s t i f f n e s s  of t h e  f lange and 
the hoop stresses i n  the f lange .  Variable X, is 
l a r g e r  under  t he  von Mises s t r e s s  c o n s t r a i n t  
than under the  maximum normal stress c o n s t r a i n t  
b e c a u s e  t h e  s t u d  p r e l o a d  is l o w e r .  The 
d i f f e r e n c e  is l a r g e r  f o r  t h e  1 5 0  s t u d s  
c o n f i g u r a t i o n  t h a n  f o r  the one w i t h  135 s t u d s ,  
probably because there is more d i s t a n c e  between 
s t u d s  i n  t h e  l a t t e r  conf igura t ion  and t h e r e f o r e  
more s t i f f n e s s  is needed t o  k e e p  t h e  j o i n t  
c l o s e d .  Variables  X ,  and X, c o n t r o l  t h e  amount 
of m a t e r i a l  a v a i l a b l e  t o  c a r r y  t h e  a x i a l  l o a d s  
from t h e  j o i n t  plane t o  t h e  nominal shel l .  The 
nut i n s e r t i o n  c o n s t r a i n t  e s s e n t i a l l y  a c t s  as an 
u p p e r  bound t o  t h e  g u s s e t  t h i c k n e s s  and t h e  
t h i c k e r  g u s s e t  a v a i l a b l e  i n  t h e  1 3 5  s t u d  
c o n f i g u r a t i o n  f a v o r a b l y  r e d u c e s  t h e  s h e l l  
t h i c k n e s s .  G e n e r a l l y ,  g o i n g  from von M i s e s  
s t r e s s  t o  normal s t r e s s  c o n s t r a i n t s  is a l s o  
favorable .  F i n a l l y ,  v a r i a b l e  X ,  c o n t r o l s  t h e  
pocket  h e i g h t  and i s  d i r e c t l y  a f f e c t e d  by the 
s t u d  i n s e r t i o n  c o n s t r a i n t :  i t  e s s e n t i a l l y  equals  
X ,  p l u s  t h e  minimum c l e a r a n c e  needed f o r  the  
s tud .  

I n  t h e  a r e a s  where t h e  s t r e s s e s  were n o t  
cons t ra ined ,  t h e  d e s i g n s  show stresses which,  
a l t h o u g h  h i g h e r  t h a n  t h e  a l l o w a b l e s ,  remain 
lower than some of the s t r e s s e s  observed i n  t h e  
c u r r e n t  t a n g  a n d  c l e v i s  d e s i g n ?  The  
d i s p l a c e m e n t s  o b s e r v e d  on t h e  i n s i d e  Of t h e  
j o i n t  a r e  e x t r e m e l y  s m a l l  and t e s t i f y  t o  the  
e f f i c i e n c y  of t h e  j o i n t  c l o s u r e  c o n s t r a i n t  used. 
A t  t h e  same t i m e ,  t h e  d i s p l a c e m e n t s  a t  t h e  
o u t s i d e  of  t h e  j o i n t  a r e  r e l a t i v e l y  small  
t h e m s e l v e s  which i n d i c a t e s  t h a t  s a t i s f y i n g  the 
s t r e s s  c o n s t r a i n t s  resul ts  i n  a j o i n t  having  a 
r e l a t i v e l y  h i g h  s t i f f n e s s .  F i n a l l y  t h e  
i n t e g r a t e d  l o a d  on t h e  s t u d s  i s  a l w a y s  
s i g n i f i c a n t l y  lower t h a n  t h e  a l l o w a b l e  value 
determined by assuming p u r e  t e n s i o n  l o a d i n g  t o  
t h e  s tud  al lowable stress value.  T h i s  is p a r t l y  
because t h e  s t u d  i s  loaded n o t  o n l y  i n  t e n s i o n  
b u t  a l s o  i n  b e n d i n g .  For t h e  d e s i g n s  w i t h  
c o n s t r a i n t s  on t h e  maximum normal stress,  t h e  
s t u d  stress c o n s t r a i n t  is a c t i v e .  I t  is not t h e  
case f o r  t h e  design w i t h  c o n s t r a i n t s  on t h e  von 
Mises s t ress  c o n s t r a i n t s  probably because t h a t  
would r e s u l t  i n  b e a r i n g  s t r e s s e s  on t h e  upper 
sur face  of the  f lange  t h a t  a r e  too high. 

Convergence took u p  t o  30 cycles  for  each of 
t h e  f o u r  examples  d i s c u s s e d .  Convergence was 
sometime r e l a t i v e l y  slow a n d ,  o c c a s i o n a l l y  ( i n  
l e s s  t h a n  10% of t h e  c a s e s  run). i t  was even 
impossible and opt imiza t ion  had t o  be r e s t a r t e d  
w i t h  a d i f f e r e n t  s t a r t i n g  p o i n t .  T h e s e  
occasional  d i f f  i c u l t i e s  w i t h  convergence can  be 

B 

p a r t i a l l y  a t t r i b u t e d  t o  t h e  r e l a t i v e l y  t i g h t  
( l o % ,  sometime 5 % )  move limits used. Also ,  t h e  
of  t e n  c o n s e r v a t i v e  convex approximations can be 

a c o n t r i b u t i n g  f a c t o r ,  a s  r e p o r t e d  i n  Refs .  18 
and 19. A t y p i c a l  convergence h i s t o r y  is given 
i n  Fig. 6 f o r  t h e  135 s t u d  c o n f i g u r a t i o n  under  
von  Mises stress c o n s t r a i n t s .  A r e l a t i v e l y  
smooth convergence  is o b t a i n e d  i n  1 4  c y c l e s .  
O p t i m i z a t i o n  is s t a r t e d  under displacement and 
s t u d  stress c o n s t r a i n t s  only. In  t h e  f i r s t  two 
c y c l e s  t h e  displacement c o n s t r a i n t  is s a t i s f i e d  
by moving t h e  s t u d  inward (decreasing X , )  and by 
d e c r e a s i n g  t h e  s h e l l  t h i c k n e s s  ( X , )  a n d ,  
t h e r e f o r e  its s t i f f n e s s .  The r e m a i n i n g  s t r e s s  
c o n s t r a i n t s  a r e  t h e n  added and t h e  s t u d  moves 
outward approximately t o  i t s  i n i t i a l  p o s i t i o n  
w h i l e  t h e  s h e l l  t h i c k n e s s  i n c r e a s e s  
s i g n i f  i c a n t l y  t o  decrease t h e  bending s t r e s s e s .  
I n  g e n e r a l ,  t he  s t u d  p r e l o a d  ( X , )  d e c r e a s e s  
s t e a d i l y  t o  reduce' t h e  bear ing stresses. A t  t h e  
same t ime, t h e  f l a n g e  th ickness  ( X , )  increases  
t o  supply t h e  s t i f f n e s s  n e c e s s a r y  t o  keep t h e  
j o i n t  c l o s e d  a n d  t o  l i m i t  t h e  f l a n g e  hoop 
stresses. A s  explained above, t h e  pocket he ight  
( X , )  g e n e r a l l y  f o l l o w s  t h e  changes  i n  f l a n g e  
t h i c k n e s s .  Also, t h e  g u s s e t  w i d t h  ( X , )  is 
d e t e r m i n e d  by t h e  n u t  i n s e r t i o n  c o n s t r a i n t  and, 
t h e r e f o r e ,  g e n e r a l l y  f o l l o w s  t h e  s t u d  r a d i a l  
p o s i t i o n .  I n d e e d ,  t h e  f u r t h e r  t h e  radial  s t u d  
p o s i t i o n ,  t h e  l a r g e r  t h e  circumference a v a i l a b l e  
t o  p l a c e  t h e  n u t s  a n d ,  a s  t h e  nut  number i s  
f i x e d ,  t h e  l a r g e r  t h e  maximum w i d t h  a v a i l a b l e  
f o r  the  gusse t .  

A h i s t o r y  of the  a x i a l  displacements  i n  t h e  
p l a n e  of  t h e  j o i n t  is g i v e n  on Fig. 7 f o r  t h e  
1 3 5  s t u d  c o n f i g u r a t i o n .  The  1 5 0  s t u d  
c o n f i g u r a t i o n  e x h i S i t s  t h e  same t r e n d s .  For 
t h i s  p a r t i c u l a r  example, t h e  i n i t i a l  d e s i g n  h a s  
a j o i n t  c l o s u r e  c o n s t r a i n t  near ly  s a t i s f i e d  and 
t h e r e f o r e  no d i s p l a c e m e n t  a p p e a r s  a t  t h e  
C o n s t r a i n e d  nodes. A s  shown on Fig. 6 i t  takes  
two cyc les  t o  f u l l y  s a t i s f y  t h e  j o i n t  c l o s u r e  
c o n s t r a i n t  on t h e  i n s i d e  of t h e  j o i n t  w h i l e  t h e  
displacements tend t o  increase  on the  o u t s i d e  of 
t h e  j o i n t  w h e r e  c o n t a c t  i s  n o t  r e q u i r e d .  
Enforcement of t h e  von Mises stress c o n s t r a i n t s  
r e s u l t s  i n  a very s i g n i f i c a n t  s t i f f e n i n g  of the 
f l a n g e .  T h e  same is t r u e  t o  a l e s s e r  e x t e n t  
when t h e  maximum normal stress c o n s t r a i n t s  a r e  
enforced.  I n  t h e  a r e a  of the  m i l l e d  r e c e s s ,  t h e  
sagging of the f lange  never exceeds 3 m i l  and is 
not a mat ter  of concern. Also, t h e  s t i f f n e s s  of 
t h e  f l a n g e  i s  h i g h  enough t h a t  t h e r e  never is 
contac t  between t h e  s t u d  and t h e  h o l e  f o r  t h e  
f i n a l  designs.  

F i n a l l y ,  Fig.  8 shows an e v o l u t i o n  o f  t h e  
von Mises  stress p a t t e r n s  f o r  t h e  same 135 s t u d  
conf igura t ion .  The i n i t i a l  d e s i g n  shows h i g h  
stresses around t h e  hole  and on t h e  upper part  
of the  f l a n g e ;  a l s o ,  s t resses  a r e  h i g h  a t  t h e  
apex of the  pocket. After op t imiza t ion  w i t h  von 
Mises stress c o p s t r a i n t s  (a l lowable is 139 k s i ) ,  
t h e  h i g h  stress a r e a s  have been reduced a t  the 
expense  o f  s i g n i f i c a n t l y  i n c r e a s i n g  t h e  
p r o p o r t i o n s  of t h e  j o i n t .  After opt imiza t ion  
w i t h  maximum n o r m a l  s t r e s s  c o n s t r a i n t s  
(a l lowable is 155 k s i ) ,  s l i g h t l y  higher  stresses 
a r e  o b s e r v e d ,  p a r t i c u l a r l y  a t  t h e  t o p  o f  t he  
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g u s s e t ;  h o w e v e r ,  t h e  j o i n t  p r o p o r t i o n s  a r e  
r e d u c e d ,  p a r t i c u l a r l y  t h e  t h i c k n e s s  of  t h e  
s h e l l .  

Conclusions 

A p r o c e d u r e  is presented f o r  t h e  s t r u c t u r a l  
o p t i m i z a t i o n  o f  t h e  s h a p e  o f  a b o l t e d  
a l t e r n a t i v e  t o  t h e  cur ren t  space s h u t t l e  s o l i d  
rocke t  booster  tang and c l e v i s  f i e l d  j o i n t .  The 
design problem is  formulated as a minimum weight 
problem under  c o n s t r a i n t s  on stresses,  j o i n t  
o p e n i n g  a n d  g e o m e t r y .  The j o i n t  o p e n i n g  
c o n s t r a i n t  is transformed i n t o  a c o n s t r a i n t  on 
t h e  s i g n  of t h e  r e a c t i o n s  on t h e  f a c e s  of t h e  
j o i n t .  The i n i t i a l  nonconvex, n o n l i n e a r  and 
i m p l i c i t  d e s i g n  p r o b l e m  i s  r e p l a c e d  by a 
sequence of n o n l i n e a r  b u t  convex and e x p l i c i t  
p r o b l e m s  w h i c h  a r e  s o l v e d  i n  a n  i t e r a t i v e  
f a s h i o n .  A c o n s t r a i n t  r e l a x a t i o n  f e a t u r e  is 
a d d e d  t o  o v e r c o m e  s t r o n g  i n i t i a l  d e s i g n  
i n f e a s i b i l i t y .  The determination of the  opening 
p a t t e r n  f o r  t h e  j o i n t  is found by a nonl inear  
displacement a n a l y s i s  w h i c h  is r e p e a t e d  every 
f e u  c y c l e s  i n  t h e  d e s i g n  p r o c e s s .  During 
opt imiza t ion ,  t h e  j o i n t  l o c a t i o n  i n  t h e  f i n i t e  
element mesh a r e  modified t o  r e f l e c t  t h e  changes 
i n  the model shape,  b u t  t h e  number of nodes and 
e l e m e n t s  r e m a i n s  f i x e d .  The d e r i v a t i v e s  
r e q u i r e d  f o r  t h e  o p t i m i z a t i o n  p r o c e s s  a r e  
o b t a i n e d  b y  f i n i t e  d i f f e r e n c e .  The procedure 
g e n e r a l l y  p e r f o r m s  w e l l .  C o n v e r g e n c e  i s  
o c c a s i o n a l l y  slowed down or even s topped.  T h i s  
i s  r e l a t e d  t o  t h e  use o f  l i m i t e d  p r e c i s i o n  
s o f t w a r e  and t h e  r e s u l t i n g  need f o r  t i g h t  move 
limits a s  w e l l  a s  t o  t h e  u s e  o f  t h e  o f t e n  
conserva t ive  convex approximations. 

The procedure i s  used t o  o p t i m i z e  d e s i g n s  
wi t h  two s t u d  c o n f i g u r a t i o n s  under  c o n s t r a i n t s  
on e i t h e r  von Mises or maximum normal stresses.  
The loading corresponds t o  a uniform 1000 p s i  of 
i n t e r n a l  p r e s s u r e .  The b e s t  d e s i g n  o b t a i n e d  
uses  135 s t u d s  of 1 3/16 i n  diameter. I t  weighs 
1918 l b  o r  1 1 4 4  l b  per j o i n t  more t h a n  t h e  
c u r r e n t  t a n g  and c l e v i s  design. For each j o i n t  
redesigned i n  one s o l i d  rocket  b o o s t e r ,  t h i s  is 
e s t i m a t e d  t o  r e s u l t  i n  a 1 1 4  t o  143 l b  payload 
penal ty .  For a g i v e n  s t u d  c o n f i g u r a t i o n ,  t h e  
f i n a l  d e s i g n  is v e r y  s e n s i t i v e  t o  t h e  stress 
c o n s t r a i n t  assumption. On the  o t h e r  hand ,  t h e  
d e s i g n  a p p e a r s  t o  be r e l a t i v e l y  i n s e n s i t i v e  t o  
t h e  s t u d  c o n f i g u r a t i o n .  T h e  p r o c e d u r e  
s a t i s f a c t o r i l y  k e e p s  t h e  j o i n t  c l o s e d  and 
maintains  the  constrained s t r e s s e s  w i t h i n  t h e i r  
a l l o w a b l e s .  Two a r e a s  a r e  not  s u b j e c t e d  t o  
stress c o n s t r a i n t s  because they  a r e  prone  t o  
s t ress  c o n c e n t r a t i o n .  However, the  r e s u l t i n g  
stresses remain reasonable ; t h e y  a r e  e x p e c t e d  
t o  be f u r t h e r  reduced by p l a s t i c  flow a s  well as 
by c a r e f u l  l o c a l  design. 

Appendix A :  Approximate Subproblem Formulation 

T h e  f u n c t i o n a l  f o r m  of  t h e  n o n l i n e a r  
programing problem a t  hand is a s  fol lows:  

f i n d  X so t h a t  
f ( X )  is minimum and 
g l (X)  0 ,  i - l , n  
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II X and Xu a r e  lower and upper bounds on t h e  
d e s i g n  v a r i a b l e s .  The o b j e c t i v e  f is a scalar 
func t ion  of t h e  v e c t o r  of d e s i g n  v a r i a b l e s  X ;  
t h e  c o n s t r a i n t s  a r e  o r g a n i z e d  i n  s e v e r a l  
c o n s t r a i n t  vec tors :  

where g i s  a s ca l a r  f u n c t i o n  o f  X .  T h i s  

op t imiza t ion  problem is nonl inear ,  nonconvex and 
i m p l i c i t .  To r e n d e r  o p t i m i z a t i o n  c o s t -  
e f f e c t i v e ,  t h e  problem is replaced by a sequence 
of subproblems t h a t  is s t i l l  n o n l i n e a r  b u t  
convex and exp l i c i t .  The i n i t i a l  subproblem i s  
solved i n  cyc les  where t h e  s t a r t i n g  p o i n t  of a 
c y c l e  is t h e  optimum s o l u t i o n  of t h e  subproblem 
cons t ruc ted  i n  t h e  previous cycle .  Assume t h a t  
t he  s t a r t i n g  p o i n t  of  t h e  c u r r e n t  cycle is Xo 
( f o r  t h e  sake of  c l a r i t y ,  t h e  c y c l e  i n d e x  is 
o m i t t e d  i n  t h i s  d i s c u s s i o n ) .  First, the design 
v a r i a b l e  vector  is n o r m a l i z e d  a t  t h e  s t a r t i n g  
p o i n t .  A new v a r i a b l e  i s  introduced so  t h a t  
i ts  !Ith component is given by:  

i d  

The o b j e c t i v e  func t ion  and t h e  c o n s t r a i n t s  
of  t h e  problem a r e  then approximated. Assuming 
t h a t  h ( X )  is any one of t h o s e  f u n c t i o n s ,  i t s  
approximation is: 

where f +  ( i - 1  i n d i c a t e s  t h a t  t h e  summation is 
e x t e n d e d  t o  t h o s e  v a r i a b l e s  f o r  w h i c h  t h e  
g r a d i e n t  component  d h ( 1 .  ) / d X ,  is p o s i t i v e  
( n e g a t i v e ) .  F o r  p o s i t i v e  d e s i g n  v a r i a b l e  
values, t h i s  approximation is convex2' and a l s o  
t h e  most c o n s e r v a t i v e 2 1  of a l l  those based on 
f i r s t - o r d e r  information and u s i n g  terms l i n e a r  
i n  t h e  v a r i a b l e s  o r  t h e i r  r e c i p r o c a l .  The 
approximation q u a l i t y  d e c r e a s e s  a s  t h e  d e s i g n  
moves away from t h e  i n i t i a l  des ign  X s o  tha t  
limits m u s t  be introduced t o  restrict  t h a t  move; 
i f  6 is t h e  a c c e p t e d  r e l a t i v e  change i n  t h e  
design (O.< 6 < 1 . ) :  

0 

(A5 1 

To reduce t h e  number of c o n s t r a i n t s  h a n d l e d  
by  t h e  o p t i m i z e r ,  e a c h  v e c t o r  of approximate  
c o n s t r a i n t s  g i  i s  r e p l a c e d  b y  a s c a l a r  
c o n s t r a i n t  C i :  

- 
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T h i s  e n v e l o p e  f u n c t i o n  is known a s  t h e  
Kreisselmeier-Steinhau~er~~ f u n c t  i o n .  I t  has 
been shown t o  be c o n s e r v a t i v e  and t o  preserve 
t h e  convexity of t h e  approximate subproblem 

A f i n a l  t r a n s f o r m a t i o n  of t h e  subproblem 
i n v o l v e s  t h e  i n t r o d u c t i o n  o f  a s e l e c t i v e  
c o n s t r a i n t  r e l a x a t i o n  c a p a b i l i t y .  A new 
v a r i a b l e  w is introduced t o  re lax t h e  v i o l a t e d  
c o n s t r a i n t s  and t h e  new subproblem is then given 
by: 

19 . 

f i n d  i ,  so t ha t  

i ( i )  + Y i ( 1  .I: is minimum and 

Parameter ai is input  a s  ei ther 1 .  i f  cons t ra in t  
1 must be relaxed or  0. otherwise.  T h e  i n i t i a l  
va lue  w ( w - w w  ) of the r e l a x a t i o n  v a r i a b l e  is  
chosen so t ha t  a l l  t h e  c o n s t r a i n t s  a r e  rendered  
s a t i s f i e d  a t  the i n i t i a l  design Xo ( i - 1 . ) ;  i t  is 
defined by 

0 - 0  

wo - I .  + max[O., max [C ( I . ) ] )  (A8) 1, ai4O 1 

Minimization of t h e  new o b j e c t i v e  f u n c t i o n  of 
(A7) w i l l  tend t o  d r i v e  t h e  r e l a x a t i o n  var iable  
towards i ts  lower bound. If reaches i ts  lower 
b o u n d ,  t h e n  Problem A7 becomes i d e n t i c a l  t o  
Problem A 1  (except  f o r  a constant  o f f s e t  of  the 
o b j e c t i v e  f u n c t i o n ) .  The  non-negative, user- 
d e f i n e d  p a r a m e t e r  Y is c h o s e n  s o  t h a t  a 
predetermined r a t i o  exists a t  t h e  i n i t i a l  design 
between t h e  true o b j e c t i v e  f u n c t i o n  f ( 1 . 1  a n d  

t h e  penal ty  term Yf(l.1. Should t h e  s o l u t i o n  of 
A6 s t i l l  be i n f e a s i b l e  f o r  A l l  i t  may be 
necessary t o  increase  t h a t  r a t i o .  

Note t h a t ,  if A1 does not have a s o l u t i o n ,  a 
f i n a l  va lue  of  t h a t  is g r e a t e r  t h a n  l . / u o  
w i l l  r e s u l t .  Solving a sequence of subproblems 
as  i n  A7 is a r a t i o n a l  approach  t o  f i n d i n g  a 
design t h a t ,  i n  a c e r t a i n  sense ,  *minimizesv the 
v i o l a t i o n  of the c o n s t r a i n t s  of A l .  

- 
- 
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Table 1 Comparison of f i n a l  designs.  

Number of s tuds  150 150 135 135 
Stud  diameter ( i n )  1 1/0 1 1/8  1 3/16 1 3/16 
Constrained s t r e s s  von Mises max. normal von Mises max. normal 

Weight ( l b ) ’  

t r a i n t  violat ion’  
i n )  
i n )  
i n  
i n )  
i n )  
in ) 
O F ) <  

Active c o n s t r a i n t s *  
S t r e s s  i n  groups’ 
J o i n t  c losure  
S t u d  i n s e r t i o n  
N u t  i n s e r t i o n  

F a m i l y  3 ( k s i )  
Family 9 ( k s l )  

Inner diam ( m i l )  
Outer diam ( m i l )  

S t u d  load (k ips) ‘  

Maximum stress values  

Maximum displacements 

2674. 
.ooo 
1.23 
1.75 
1.06 
.347 
1.50 
4.12 

4.79 

5.6.7.10 
Y 
Y 
Y 

160. 
136. 

.01 

.46 
109. 

1974. 
.010 
1.16 
1.18 
.704 
.356 
1.70 
3.56 
8.22 

2777. 
,000 
1.18 
1.98 
.927 
.417 
1.32 
4.49 
4.75 

1918. 
.007 
1.25 
1.73 
.374 
.448 
1.13 
4.22 
8.18 

1.2.5.6.7.10 
Y 
Y 
Y 

224. 
151. 

. 00 
1.23 
168. 

5.(6),(7) ,IO 
Y 
Y 

( Y  1 

162. 
149. 

.02 

.60 
122. 

1 ,2,5,6,7, (8),10 
Y 
Y 
Y 

217. 
184. 

.01 . 00 
197. 

. 

Notes: 

1 )  Weight i s  excess weight over s t r a i g h t  s h e l l  for both halves of one f i e l d  j o i n t .  The 

2 )  Value i s  W - 1  ( s e e  App. A ) .  For  example, f o r  a stress c o n s t r a i n t ,  a value of 0.01 

3) Based on a f i c t i t i o u s  l i n e a r  thermal expansion c o e f f i c i e n t  of .001 in/’F. 
4) y or a number i ( O c i i l O )  i n d i c a t e s  an a c t i v e  c o n s t r a i n t ;  ( y )  or ( 1 )  i n d i c a t e s  a n  

5) For t h i s  p a r t i c u l a r  des ign ,  c o n s t r a i n t s  6 and 7 a r e  redundant. 
6) I f  s t r e s s e d  a x i a l l y  t o  i ts a l l o w a b l e  (191 k s i ) ,  a 1 1/8 i n  s t u d  c a r r i e s  190 kips  

3 i n i t i a l  tang and c l e v i s  design weighs 774 l b  more than a s t r a i g h t  she l l  . 
i n d i c a t e s  that  t h e  stress exceeds it3 al lowable by 1%. 

almost a c t i v e  c o n s t r a i n t  (Oig0.05). 

while a 1 3/16 i n  s t u d  c a r r i e s  212 kips .  
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Fig. 1 Proposed bolted joint configuration 
(from Ref. 3). 

Fig. 2 Joint optimization model. 

4 7  

4 

Fig. 3 Joint f in1 te element model, element 
groups definition. 

t t 

Fig. 4 Joint opening pattern depends on radial 
position of stud. 

Joint outside diameter 

0 Contact enforced 
0 Contact possible 

At remaining nodes, contact 
prevented by milled recess 

I S  

Fig. 5 Flange bottom contact pattern. 

Weight ( w 1 and constraint violation ( w 1 
1.50 r A 

Addition of stress constraints 

2.00 
1.75 
1.50 
1.25 
1.00 
0.75 
0.50 
0.25 

1 
5 

\Nonl inear disDlacement analyses 

0 5 10 15 
Cycles 

Fig. 6 Convergence history. 135 studs, 1 3/16 in 
diameter, von Hises stress constraints. 
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a) before optimization 

-3 t 
b) after displacement constraints optimization 

c) after di'splacement and von Mises stress 
constraints optimization 

Mil 51 
-3 t 

A Marks nodes with constrained displacements 

d) after displacement and maximum normal stress 
constraints optimization 

Fig. 7 Flange bottom axial displacements, 
135 stud$, 1 3/16 in diameter. 

a) before optimization 

b) after displacement and von Mises stress 
constraints optimization 

Stress levels 
(ksi) 

1 0  
2 70 
3 140 
4 210 

1 
in. [ 

0 

2 

c )  after displacement and maximum normal stress  
constraints optimization 

Fig. 8 von nises stresses in the joint. 
135 studs, 1 3/16 in diameter. 
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